Insulin and IGFs play a significant role in cancer development and progression, including renal cell carcinoma (RCC). RCC is the most frequent type of kidney cancer in adults and the tenth most common malignancy worldwide. Insulin is normally associated with metabolism control, whereas IGFs are defined as proliferation regulators. Today, there is convincing evidence of an association between obesity and the risk of RCC. Indicated risk factors together with type 2 diabetes are irreversibly connected with circulating insulin and IGF levels. The interplay between these molecules, their receptors, and IGF-binding proteins might be crucial for RCC cell biology and RCC progression. Given the potent activity IGF/IGF receptor 1 (IGF1R) inhibitors demonstrate against RCC in basic research, some type of combination therapy may prove to be beneficial clinically in the management of RCC. This review addresses not only molecular but also clinical associations between insulin and IGF1 signaling pathways and both RCC biology and clinical course. Revealing these interactions may improve our understanding of basic molecular oncology processes in RCC and improve treatment strategies. 
Introduction
Renal cell carcinoma (RCC), the incidence and mortality of which are rising at a rate of 2-3% per decade, is the tenth most common malignancy worldwide and the most frequent type of kidney cancer in adults. Approximately 88 400 patients are diagnosed with RCC each year in Europe (Gupta et al. 2008 , Ljungberg et al. 2011 . Although obesity, hypertension, diabetes, and male gender are known risk factors for RCC, its specific etiology is unknown (Murai & Oya 2004 , Larsson & Wolk 2011 . The fact that diabetes results from failure of insulin production by the pancreatic B-cells and insulin resistance in peripheral tissues is well established (Berry & Helwig 1948) . The main mechanism, which is believed to underline the associations between diabetes and RCC, is chronic hyperinsulinemia irreversibly connected with pre-diabetic and diabetic status (Lindblad et al. 1999 , Frasca et al. 2008 . Recent advances in the molecular basis of RCC have allowed for a better understanding of the genetic disturbances that lead to renal carcinogenesis. Central to the biology of RCC is the loss of function of the von HippelLindau (VHL) tumor suppressor gene, leading to the stabilization of hypoxia-inducible factors and inhibition of insulin-like growth factor receptor 1 (IGF1R) signaling (Datta 2000 , Zhang et al. 2013 . The interplay between insulin and the IGF system might be relevant to RCC development and progression. In this review, we describe the role of insulin and insulin-like growth factors (IGFs) from both a clinical and a molecular point of view.
Monitoring patient diabetic status or diet is an irreversible part of treatment, and a better understanding of its molecular background can improve patient outcome.
The role of insulin and IGFs in physiological conditions

Insulin and IGFs
Insulin is a peptide hormone produced by b cells in the pancreas and a crucial regulator of carbohydrate and fat metabolism. As insulin is normally linked with metabolism control, IGFs, mainly produced in the liver, were identified as proliferation regulators (Pollak 2008) . This classical view, although in general correct regarding its basic premises, has become more complex due to recent findings. It is known that insulin is produced as a preprohormone from the INS gene located in 11p15.5, then gradually cleaved to form the A chain and B chain peptides, which are covalently linked via two disulfide bonds to form insulin and C-peptide. IGF1 and IGF2 genes are located in 12q23.2 and 11p15.5 respectively. Interestingly, a read-through INS-IGF2 gene exists. Its 5 0 region overlaps the INS gene and the 3 0 region overlaps gene IGF2.
IGF2 is an imprinted gene, expressed only from the paternal allele, so loss of imprinting could account for its frequent overexpression in neoplastic tissues (Kaneda et al. 2007 ). Both IGF1 and IGF2 genes produce different isoforms because of alternative splicing. In contrast to many other regulatory peptides, insulin and IGFs regulate physiology not only at the whole organism level but also at the cellular level. Rabkin & Schaefer (2004) showed that IGF1 administered to animals promotes renal growth via the processes of cellular hypertrophy and hyperplasia and, both in the animal model and in humans, induces a rapid increase in renal blood flow and glomerular filtration.
Insulin and IGF receptors and signaling pathways
Structurally similar, insulin and IGFs act through similar receptors built as a tetrameric complex, characterized by two halves, which consist of an extracellular a-chain that is involved in ligand binding and an intracellular b-chain with functional tyrosine kinase (TK) domain. In adult tissues, insulin receptor (IR) is mainly expressed in adipose tissue and the muscle and liver, while IGF1R is expressed in almost all human tissues. Interestingly, cells expressing both IR and IGF1R may present hybrid receptors (HRs), which consist of an insulin half receptor and an IGF1 half receptor (Soos et al. 1990 , Pollak 2008 . Such HRs might activate both insulin and IGF signaling systems. Moreover, IR can be expressed in two isoforms: IR-A and IR-B. The first is the fetal splice variant and is obtained by exon 11 skipping (Mosthaf et al. 1990 , Sen et al. 2009 ). Interestingly, it was shown that cancer cells commonly express IR-A isoform in contrast to normal insulin-sensitive tissues in adults, which express IR-B isoform (Belfiore 2007) . The IR-A receptor responds more effectively to the activation by IGF2 than IR-B and binds this molecule with the same affinity as IGF1R, which can be crucial in promoting cancer cells growth (Frasca et al. 1999 , Kara et al. 2015 . IR, IGF1R, and HR bind insulin, IGF1, or IGF2 with different affinities, thus they variously activate TKs, which phosphorylate IR substrate (IRS) proteins as well as several other signaling proteins (DOK4, DOK5, SHC, Gab1, Cbl, APS, SIRP). Because of phosphorylation, IRS interacts with the p85 regulatory subunit of PI3K, which is crucial for the metabolic effects of insulin ( Fig. 1) . Downstream of IR and IRS are the Akt and MAPK intracellular networks, which drive a variety of processes including cell growth, cell division, and apoptosis. The Akt activation mediates anti-apoptotic functions of insulin and IGFs through phosphorylation of BAD family proteins and FKHR proteins (Frasca et al. 2008) . A comparison of IR and IGF1R showed that phosphorylation of IRS1 protein 
Figure 1
Insulin and insulin-like growth factor (IGF) key elements at the cellular level. The insulin receptor family consists of two insulin receptor isoforms (IRA and IRB) and the type 1 insulin-like growth factor receptor (IGF1R), which can function either as a homo-or heterodimer. Insulin binds primarily to the insulin receptor (IR), but also to the IGF1R with lower affinity. IGF1 and IGF2 bind to IGF1R and IGF1R/IR HRs. Insulin-like growth factor binding proteins (IGFBPs) and type 2 insulin-like growth factor receptor (IGF2R) bind to and prevent IGF1 or IGF2 from activating receptor signaling cascade. IGF1R/IR signaling is mediated intracellulary by insulin receptor substrate (IRS), which leads to the activation of PI3K-AKT or MAPK pathways and finally to protein translation and cell proliferation. A full colour version of this figure is available at http://dx.doi.org/ 10.1530/ERC-15-0135.
was ten times more sensitive to insulin than to IGF1, but MAPK stimulation and DNA synthesis were equally activated by both (Mastick et al. 1994 ). Another analysis revealed slightly different results: insulin and IGF1 were shown to stimulate IRS-1 phosphorylation in similar doseand time-dependent manners; however, IGF1 was more efficient in activating the MAPK pathway and DNA synthesis (Sasaoka et al. 1996) . However, there is no evidence that IR-related events cannot be mediated by IGF1R and vice versa. Signaling specificity probably results from the relative efficacy level at which the receptors engage different signaling pathways (Siddle 2012) . Apart from IR and IGF1R, cells can also express the IGF2 receptor (IGF2R) known as a mannose 6-phosphate receptor (M6P-R), which has been defined as a tumor suppressor gene product. IGF2R binds IGF2 but does not transduce a signal. Rather, it targets it to lysosomal degradation and thus sequestrates it away from IGF1R (Leboulleux et al. 2001) . In human serum, the majority of IGF1 and IGF2 are bound to one of the IGF binding proteins (IGFBPs), which limit its access to IGF1R. The circulating concentrations of IGF1 (w20 nmol/l) and IGF2 (w90 nmol/l) are higher than insulin (w0.5 nmol/l). Nonetheless, insulin has direct access to its receptor. However, in some situations, overexpression of IGFBPs was correlated with increased IGF action (Pollak 2008) . Moreover, IGFBPs were shown to exert their biological functions in an IGF-independent manner (Werner et al. 2008) .
The clinical importance of insulin and IGFs in RCC risk and progression
Obesity and diabetes mellitus influence on RCC development risk Currently, there is convincing evidence regarding a positive association between obesity (linked to hyperinsulinemia) and a risk for several cancers: adenocarcinoma of the esophagus and gastric cardia, colorectal cancer, postmenopausal breast cancer, endometrial cancer, and clear cell RCC (O'Mara et al. 1985 , Wideroff et al. 1997 , Hjartåker et al. 2008 , Renehan et al. 2008 ). Obesity is a major risk factor for type 2 diabetes, the risk of which increases continuously with an increasing BMI (Chow et al. 2000) . Even moderate obesity is strongly associated with both type 2 diabetes mellitus (DM) and renal cell cancer (Goodman et al. 1986 , Lindblad et al. 1999 , Wang et al. 2012 . Moreover, in two single-institutional studies, it was shown that, in the group of patients with renal masses treated with surgery, increasing BMI was independently associated with clear-cell histology (Donat et al. 2006 , Lowrance et al. 2010 . Every 1 kg/m 2 increase in BMI correlated with a 4% odds increase of having clear-cell variant of RCC (Lowrance et al. 2010) . A population-based retrospective cohort study of patients identified in the Swedish Inpatient Register showed 267 occurrences of RCC in diabetic patients compared to an expected number of 182.4. In this analysis, both women and men with a history of diabetes had around a 50% excess risk independent of other risk factors such as hypertension (Lindblad et al. 1999) . Similar results were obtained in the Japan Collaborative Cohort Study for Evaluation of Cancer Risk, which included 46 462 males and 64 326 females and illustrated that diabetes increases the risk of death from kidney cancer (Washio et al. 2007) .
Interestingly, it was reported in several epidemiological studies that insulin resistance status (mainly connected with hyperinsulinemia) is associated with an increased risk of renal cancer (Frasca et al. 2008) . In 2011, it was again demonstrated that type 2 diabetes is independently associated with an increased risk of renal cell cancer in women. A follow-up of 118 177 women over 32 years documented 16 819 cases of type 2 diabetes and 330 cases of RCC. It was shown that obesity, hypertension, and type 2 diabetes significantly increase the risk of RCC. In addition, an increased risk was observed during the early years of diabetes compared to later stages, which may be connected to the natural course of hyperinsulinemia in type 2 diabetes (Joh et al. 2011) . The most accurate systematic meta-analysis review confirmed a statistically significant association between DM and an increased risk of kidney cancer (1.42; 95% CI 1.06-1.91). This association was stronger in women than in men (relative risk (RR) 1.70 vs 1.26 respectively). In this meta-analysis, diabetes was more strongly associated with total and unspecified kidney cancer compared with renal cell cancer (Larsson & Wolk 2011) . Overall, these data suggest a role of chronically elevated insulin levels, which may affect insulin and IGF signaling pathways and thus facilitate cancer development.
Typically, type 2 diabetes occurs after long-term insulin resistance following hyperinsulinemia and then pancreatic B-cell failure. This subsequently leads to hypoinsulinemia (Joh et al. 2011) . Recently, other studies revealed the impact of diabetes status on prognosis after nephrectomy in RCC (Lee et al. 2012 , Fukushima et al. 2013 , Ha et al. 2013 , Vavallo et al. 2014 . A multiinstitutional analysis of 2597 patients with localized RCC showed that DM was an independent prognostic factor in terms of recurrence-free, cancer-specific, and overall survival (Ha et al. 2013) . In contrast, other investigations did not confirm such association and suggested that diabetes does not have any impact on RCC prognosis (Antonelli et al. 2013 , Süer et al. 2013 . Moreover, another institutional case control study (which enrolled 60 RCC patients and 236 age-and gendermatched healthy controls) revealed an inverse association between RCC risk and insulin levels using an univariate model. Patients in the 2nd and 3rd tertile for insulin levels had approximately a 40% reduced risk compared with those in the 1st tertile (Spyridopoulos et al. 2012) . Nevertheless, the insulin levels were measured after diagnosis. This study also revealed a decreasing trend of insulin levels with increased tumor stage, which suggests that RCC may shift to a less insulin-dependent model in the course of progression. Potentially, high insulin stimulation may lead to altered expression of the IR fetal splice variant A isoform, which in turn enhances proliferation and promotes carcinogenesis. A significantly increased expression of the A isoform of the IR was observed in RCC tissue samples compared with a normal kidney. It was suggested that IR-A, in response to both insulin and IGF2, may play a role in the upregulation of angiogenesis, cell survival promotion, and cancer progression (Takahashi et al. 2005) (Table 1) .
Although the causes of diabetes-related RCC are still unknown, an interconnection between the diabetic kidney and marked hypertrophia has been identified, suggesting its potential role in nephrocarcinogenesis. In addition, the increased expression of IGF1, IGF1R, constituents of MAPK and IR, and alterations in carbohydrate metabolism have been documented in RCC and in diabetic kidneys (Dombrowski et al. 2007) . Renal hypertrophy in the mouse model is connected with a persistent accumulation of renal IGF1 and IGFBP1, which could be reversed with insulin therapy. Interestingly, insulin therapy did not correct the hyperglycemia, suggesting an important role of insulin deficiency in mediating such changes in the IGF system (Segev et al. 1997) .
Another mechanism, proposed to explain the association between diabetes and kidney tumorigenesis, emphasizes the role of chronic hyperglycemia. It was revealed that, in kidney cortex tissue of RCC patients with diabetes, hyperglycemia leads to the hyperactivation of the Akt/mTOR signaling pathway and a decrease in the OGG1 enzyme (tuberin resulted in a decrease in DNA repair enzyme) as well as the accumulation of oxidative DNA damage. Interestingly, all of these activated proteins were predominantly identified in tubular cells -the cells from which RCC develops. In effect, long-term exposure of tubular cells to hyperglycemia may cause disturbances in DNA repair mechanisms and thus may lead to RCC development (Habib & Liang 2014) .
IGF1 fasting level as a prognostic factor for patients with RCC
In clinical studies carried out over the last decade, epidemiology focused on another element of the IGF system: IGF1 and its influence on RCC risk and progression. It was shown that serum IGF1 at diagnosis is related to prognosis in RCC; interestingly, prognosis was more favorable in those with higher levels. Moreover, in a multivariate analysis, the serum IGF1 level was an independent prognostic factor in RCC (Rasmuson et al. 2004) . It should be emphasized that in the prospective Finnish study of 29 133 male smokers aged 50-69 years, IGF1 levels above 113 ng/ml correlated with a 59% decrease in kidney cancer risk compared with lower IGF1 levels. The same study did not show any association between the IGF binding protein-3 (IGFBP3) level and the risk of RCC (Major et al. 2010) . Considering IGF1 functioning on the molecular level and its pro-proliferative effects, these results seem to indicate opposite roles of these molecules. On the contrary, it was illustrated that high IGF1 pretreatment levels in patients with established RCC strongly predict an impaired response to interleukin 2 (IL2) therapy, which is consistent with the postulated role of IGF1 and should be reconciled with IGF1's role in modern anti-angiogenic therapies of RCC (Lissoni et al. 1995) (Table 1 ).
The role of immunohistochemical detection of IR, IGFs, and IGF1R in RCC prognosis IGF, IR, and IGF1R levels and RCC correlation has also been studied by pathologists. Microarray and immunoreactivity projects have shown frequent overexpression of IGF1 and IGF1R in RCC, suggesting the existence of an autocrineparacrine loop of tumor cell stimulation. In detailed analyses, the IGF system was shown to be differentially expressed among specific tumor types; clear-cell RCC IGF1 was expressed in 82.1% of the cases and IGF1R in 29.5%. In this study, it was not related to tumor stage, grade, or prognosis (Schips et al. 2004) . In another study, it was shown in a population-based cohort that immunohistochemical detection of IGF1R expression in RCC is associated with the Fuhrman nuclear grade (the grading schema of RCC) (Ahmad et al. 2004 ) and worse cancerspecific survival (Parker et al. 2002 (Parker et al. , 2003 (Parker et al. , 2004 . IGF1R expression was demonstrated to be negatively correlated with patient survival based on Kaplan-Meier analysis and to be a prognostic factor in patients with RCC based on Cox regression analysis (Sichani et al. 2010) . Only one study correlated IR immunohistochemical detection with RCC prognosis. IR expression was present in 109 of 126 (87.9%) RCC tissue samples and was significantly related to a lower Fuhrman nuclear grade and better patient prognosis. Interestingly, IR expression was the same for RCC and adjacent normal tissues and was not related to the diabetes status of patients (Lkhagvadorj et al. 2014) .
In the latest study by Kosti et al., kidney cortex tissue from patients with diabetes, RCC, RCC with coexisting diabetes, and healthy controls was analyzed using immunostaining as well as microarray analysis to find genetic gain/loss and determine the overlap of enriched pathways. Immunostain data highlighted a significant increase in IR expression in diabetes and RCCCdiabetes tissue groups, which was consistent with the microarray screen. The highest IR DNA copy number was found in the RCCC diabetes group, which suggests that such DNA alteration may be engaged in the early stages of tumor initiation. Also, this genome-wide research reported differences in DNA copy number variations (CNV) between kidney tissue samples derived from patients with RCCCdiabetes, diabetes, and RCC. Diabetic patients showed increased CNV, which may suggest that hyperglycemia or hyperinsulinemia is likely to cause genomic alterations, possibly leading to oncogenesis. Patients with RCC and coexisting diabetes had most of the genomic variations.
The Database for Annotation, Visualization and Integrated Discovery (DAVID) screen revealed shared pathway disturbances between diabetes and RCC groups, which comprise changes in transcriptional, nuclear, chromosomal parts, and protein-DNA complexes organization. When comparing the RCCCdiabetes and diabetes groups, four Gene Ontology (GO) functions were found overlapping: response to cytokine stimulus, ubiquitindependent protein catabolic processes, ATPase activity, and adenyl nucleotide binding. Interestingly, IR had gains in the DNA copy number in RCCCdiabetes and diabetes but not in the RCC group, which suggests IR's potential role in nephrocarcinogenesis in patients with diabetes. Although the impact of presented similarities in gene copy number changes remains unclear, presented data suggest that DNA alterations in IR may play an important role in the early stages of tumorigenesis and have a potential to become predictive biomarkers for RCC development in diabetic patients (Kosti et al. 2015) .
All of these results link the IGF system molecular actions with its probable role in carcinogenesis and cancer progression. A study of functional characteristics of the insulin and IGF1 receptors in human RCC revealed that RCC contained three-to fourfold more specific insulinbinding sites and twofold more IGF1-binding sites than adjacent normal kidney tissue. Furthermore, significantly increased receptor autophosphorylation and elevated substrate phosphorylation was found in RCC tissue (Kellerer et al. 1995) . These processes could probably facilitate cancer cell proliferation and thus enhanced cancer growth and progression.
IGF binding proteins
Another member of the IGF system, IGFBPs, which limit IGF1 access to IGF1R, may play a significant role in RCC development and progression. Although studies confirming this hypothesis are limited, it was supported by a combination of cDNA microarrays, western blot, and immunohistochemistry analysis that IGFBP3 is a potent marker for clear-cell RCC. Higher IGFBP3 expression was also associated with a higher Fuhrman grade, which indicates a more aggressive cancer phenotype (Chuang et al. 2008) . Moreover, it was claimed that IGFBP3 gene variants are associated with RCC. Using a large and independent cohort of RCC patients, Dong et al. (2009) found that common genetic variants of IGFBP3 are associated with renal cancer risk. The nucleotide 202 AA genotype was significantly higher in patients with RCC than in controls (Safarinejad 2011) . IGFBP expression was also proved to be differentially regulated according to the histologic subtype of RCC; clear-cell RCCs were characterized by significant increases in the mRNA expression of IGFBP3 and IGFBP6 (Hintz et al. 1991 , Cheung et al. 2005 , Takahashi et al. 2005 . Expression of another IGFBP protein, IGFBP4, was shown to be significantly lower in primary RCC cells and higher in metastatic RCC when compared to normal human kidney tissues. These results raise the question about the potential role of IGFBPs in affecting IGFs signal transmission and thus their impact on cancer progression, all of which needs further investigation.
Molecular impact of insulin and IGFs on RCC cells
Over the last 20 years, it was proven that receptor TKs are vital to the formation and progression of human cancers, sarcomas, and lymphomas (Frasca et al. 2008 , Hjartåker et al. 2008 . In particular IGF1R, a TK receptor for IGF1 and IGF2, has been well documented in cell culture models as well as in animal studies to play a role in malignant transformation, progression, and protection from apoptosis and in metastasis (Dombrowski et al. 2007 , Major et al. 2010 , Joh et al. 2011 . At the same time, the insulin and its TK receptor have been shown both in vitro and in vivo to play an important role in cancer cell biology.
Insulin role in RCC development -in vivo animal model studies
It was proposed also that insulin level disturbances might lead to cancer through insulin's effect on its cognate receptor and the IGF system. For instance, in the rat diabetes model, nephrocarcinogenesis resulted from sustained hyperglycemia. This further led to an adaptive metabolic response, altered growth factor signaling, and subsequent transformation of the tubular epithelial cells (Dombrowski et al. 2007 ). This frequently used diabetes model is based on the application of streptozotocin (STZ), which enters the b-cells via a glucose transporter (GLUT2) and causes DNA alkylation, leading to irreversible damage of the islets of Langerhans. The consequence of such dysfunction is a long-term insulin deficiency and chronic high fasting glucose level (Wei et al. 2003 , Vinerean et al. 2011 . One study demonstrated an association between experimentally induced DM in rats and the development of RCC. An additional argument is that the development of RCC in autoimmune-diabetic rats occurs without administration of any exogenous agent. Moreover, it has been shown that the main nephrocarcinogenic effect of STZ depends on the induction of diabetes, because the RCC incidence was higher in hyperglycemic rats compared with insulin-treated normoglycemic animals (Dombrowski et al. 2007 ). This study showed that hyperglycemia might affect RCC development rather than hyperinsulinemia. Earlier analysis had revealed higher expression of IGF1R and increased IGF1 and IGF2 binding in the diabetic kidney of STZ-induced rats, which may suggest the existence of an autocrine or paracrine system in the STZ-treated kidney (Werner et al. 1990) . However, in a study conducted by Lauder et al. (1981) , STZ-induced diabetic rats developed liver or renal tumors regardless of whether blood glucose was controlled or not. Another group concluded that an STZ-induced diabetic rat model is not suitable for long-term studies because of progressive renal tumorigenesis, which is caused by STZ rather than diabetes. This group's research revealed that diabetic rats developed RCC regardless of the exogenous insulin treatment or peritoneal implantation of porcine islets in macrobeads (Vinerean et al. 2011) . Their results demonstrated an interconnection between hyperinsulinemia, hyperglycemia and RCC rather difficult. In summary, there is no clear answer regarding the role of insulin and IR in RCC development and progression.
The role of IGF1 and IGFBP3 in RCC growth and progression -in vitro and in vivo approach Compared to insulin and IR, IGFs and their receptors are much better understood. In animal models and in humans, IGF1 has been shown to increase normal kidney growth, glomerular filtration rate, and renal function (Hirschberg & Adler 1998) . Definitely, IGF1 and its receptor are present in the kidney, and in this way, they both may be engaged in the development of RCC. In the in vitro project involving three primary cell cultures of RCC, Cheung et al. (2004) have shown that these RCC cells express IGFI and IGFBP3 and are responsive to exogenous IGF1 stimulation. Moreover, in cells derived from metastatic RCC, autocrine IGF1, and IGFBP3 actions, respectively, stimulate and inhibit growth. IGFBP3 acts in the kidney probably through the sequestration of IGF1 from its receptor. It was also proven in this report that IGF1 stimulates DNA synthesis in normal renal cells as well as RCC cells. Furthermore, IGF1 immuno-neutralization, similar to IGFBP3, suppresses lung metastasis-derived RCC cells and normal proximal tubular cells growth but not primary tumor-derived RCC cells growth. Overexpression of IGFBP3 inhibited the growth of lung metastasisderived RCC cells, but not normal renal cells or primary tumor RCC cells. It was estimated that the expression of IGF1 together with its receptor, IGF1R, provides evidence for the existence of an autocrine-paracrine loop of tumor cell stimulation in RCC. All of these molecules may differentially affect the growth of cells derived from various tissues on different levels of cancer development and progression (Cheung et al. 2004) .
Another analysis of IGFs system confirmed that IGF1 has its growth-promoting effects regulated by IGFBP3. Rosendahl & Forsberg (2004) monitored functional effects of various concentrations of IGF1, transforming growth factor b (TGF-b), and IGFBP3 in the primary tumor cell line Caki-2 and metastatic cell line SK-RC-52. They proved that human RCC tissue and two clear-cell RCC cell lines, Caki-2 and SK-RC-52, express IGF1R and IGFBP3. Both cell lines responded to IGF1 and IGF2 through proliferation. Moreover, researchers revealed that competing, non-signaling IGF1R mouse antibody causes stronger inhibition of IGF1-induced proliferation in the low IGF1R expression SK-RC-52 cells than in IGF1R high Caki-2 cells. They also demonstrated that IGF1, through activation of Smad2 protein phosphorylation and its nuclear translocation, enhances TGF-b signaling, which in turn promotes IGFBP3 production. Such interconnection between IGFBP3 expression and IGF1 stimulation may function as a selfregulating system, a disruption that can be connected with cancer development. Depending on which line it affects, IGFBP3 has a different impact on cell proliferation: it stimulates the growth of the primary tumor, inhibiting metastasis at the same time (Rosendahl & Forsberg 2006) . This raises the question of when do pleiotropic cytokines, such as TGF-b, switch their role during cancer development from tumor suppressor to tumor promoter. To find the answer, the same study group constructed the in vivo model, based on constant infusion of recombinant human IGF1 to severe combined immune-deficient mice bearing early or more established tumors formed from Caki-2 human RCC cell line. They showed that early (day 7 after tumor inoculation) IGF1 administration significantly stimulated the RCC growth in vivo. During establishment or progression, which corresponded to late IGF1 administration (day 21 after tumor inoculation), RCC tumors appeared to become desensitized to such stimulation. This effect was not connected with any change in IGF1R expression but was linked to altered IGF1 sensitivity. Therefore, systemic IGF1 delivery during the early establishment of RCC tumors significantly increased local IGFBP3, phosphorylated nuclear Smad2, and tumor angiogenesis in contrast to the later stage. Those were linked to a markedly enhanced tumor growth and a more aggressive phenotype. The same experiment protocol used with metastatic RCC cell line SK-RC-52 showed that IGF1 intervention did not enhance in vivo tumor growth, regardless of administration time (Rosendahl et al. 2008) . These data suggest that IGF1 may influence RCC development in its early stages, although in the course of progression this tumor appears to become desensitized to systemic IGF1 effects. Such discrepancy may occur as an effect of intratumor heterogeneity and epigenetic differences among cancer cell populations (Gerlinger et al. 2012) . It was shown in the epigenetic reactivation screen of renal cancer that IGFBP1 and IGFBP3 genes, normally unmethylated, had a methylated promoter in tumor cells (Ibanez de Caceres et al. 2006) . Disturbed promoter methylation is a common mechanism for the inactivation of tumor suppressor genes in cancer cells. This points to IGFBP1 and IGFBP3 as genes in which abnormal expression may affect RCC risk and progression.
Another intriguing research study was conducted by Jungwirth et al. who investigated the effects of growth hormone-releasing hormone antagonist (GH-RH) and somatostatin analog on the proliferation of the human RCC cell line Caki-1 (isolated from skin metastasis) in vitro and in vivo. They showed that both GH-RH antagonist and somatostatin analog inhibit the growth of the tumor formed after transplantation of Caki-1. Moreover, GH directly regulates the IGF1 production in the liver and other organs, so in this experiment, both GH-RH antagonist and somatostatin analog possibly constrained tumor growth in the mechanism involving suppression of IGFs. Furthermore, mice treated with the GH-RH antagonist or somatostatin analog exhibited significantly lower IGF1 serum levels than controls, and these in vitro studies revealed that the addition of IGF1 or IGF2, but not GH, to the culture medium resulted in proliferation stimulation of the cell line Caki-1. What is more, untreated animals had high tissue concentrations of IGF1 and IGF2, which decreased after GH-RH treatment. The observations from the in vitro studies suggest an existence of IGF autocrine or paracrine loop stimulating tumor cell proliferation, an inhibition that may be used in future treatment strategies (Jungwirth et al. 1997 (Jungwirth et al. , 1998 .
IGF1R signaling pathway disturbances in RCC
VHL protein Among multiple molecules involved in RCC carcinogenesis, a group of tumor suppressors was identified as well. They are linked to transcriptional suppression of the IGF1R gene and include p53/p63/p73 family, breast cancer gene-1, VHL, and Wilms' tumor-1 protein (Werner et al. 1996 , Datta 2000 , Werner 2011 ). In particular, VHL, the expression of which is altered in most of sporadic RCC, was shown to inhibit IGF1 cell signaling. Datta et al. studied IGF1 cell signaling in 786-O RCC cell line and revealed that IGF1R antibodies inhibit cell proliferation. They also presented data showing that WT VHL, which normally is inactivated in RCC, inhibits the IGF1R-mediated signaling pathway through the blockade of IGF1R and protein kinase C delta association. Thus, in RCC, the IGF1R signaling pathway may be chronically activated, which can promote cancer growth and progression. Consistently, they proved that the invasive activity of RCC in the cell culture model is mediated through IGF1R signaling and can be efficiently blocked by VHL protein (Datta 2000) . Another research group also confirmed that IGF1R protein levels are higher in RCC cells lacking functional VHL and do not correlate with hypoxia conditions, which makes them hypoxiainducible factor (HIF)-protein independent (Yuen et al. 2007) . Their findings support the hypothesis that phosphorylated VHL negatively regulates IGF1R expression and thus link it to the interaction with Sp1 protein at the transcriptional level. This kind of regulation is analogous to the regulation of VEGF and PDGF expression, although both are also hypoxia-inducible genes. What is more, clinical significance of such observation was also assessed by measuring IGF1R levels in tissue samples of RCC and non-malignant kidneys. An analysis of 21 such paired specimens revealed significantly higher levels of IGF1R mRNA in the RCC tumors compared with the benign kidney (Yuen et al. 2007) . IGF1R upregulation may be therefore one of the hypoxia-independent effects of VHL loss on renal tumorigenesis (Fig. 2) .
Receptor for activated C kinase 1 Another report by He et al. showed that the receptor for activated C kinase 1 (RACK1), which has a significant role to play in shuttling, anchoring, and stabilizing proteins around the cell, is a VHL-interacting protein and a crucial regulator of the IGF1-induced cellular invasiveness (He et al. 2010 , Adams et al. 2011 . Moreover, RACK1 also interacts with the closely related IR (Adams et al. 2011) . This study identified that, on IGF1 treatment, VHL-deficient RCC cells exhibit increased IGF1R-RACK1 interaction, elevated IGF1R, Akt activation, and MMP-2 expression. Taken together, these results may suggest that VHL-RACK1 interaction negatively regulates the activation of the IGF1R/Akt/MMP-2 signals and suppresses IGF1-dependent invasiveness in RCC cells (He et al. 2010) . It shows another molecular mechanism in which VHL loss affects RCC development and progression (Fig. 2) .
IGF1R inhibition as a therapeutic approach in RCC Linking information about signaling pathways with cancer treatment, the other scientific group revealed that antitumor agents, mTOR inhibitors, inadvertently activate the Akt-signaling pathway through an IGF1R-dependent mechanism (Wan et al. 2006) . One study showed that the blockade of IGF1 binding to IGF1R and downregulation of this receptor are equally effective in inhibiting RCC cell line growth and combining with mTOR inhibitor -temsirolimus works in synergy. Synergism of IGF1R inhibitors with mTOR inhibitors was observed in an in vivo model of a pediatric tumor in which such combination led to complete tumor regression. Recently, many IGF/IGF1R inhibitors have entered clinical trials but several of them failed to show clinical benefit (Chen & Sharon 2013 ). The results suggest a possible new approach for treating RCC by linking mTOR and IGF1R inhibition, which needs further investigation in animal models and subsequently future clinical trials (Cardillo et al. 2013 ).
Insulin-like growth factor 2
Much less is known about the role of IGF2 in these processes. The IGF2 gene is imprinted and transcribed only from paternal allele. Loss of this imprinting (LOI) was implicated in the pathogenesis of many malignancies (Brouwer-Visser & Huang 2015) , as well as RCC cases, but two known analyses showed an inconsistent impact of LOI on IGF2 mRNA expression. However, in both analyses it was presented that LOI in IGF2 gene was not involved in later stages of RCC development but may occur in some early tumors, which raises the question about the role of IGF2 in RCC carcinogenesis (Nonomura et al. 1997 , Oda et al. 1998 . It was shown in the in vivo model that in hypoxic conditions IGF2 stimulates the homing of endothelial progenitor cells and thus promotes angiogenesis (Maeng et al. 2009 ). Further research is therefore needed.
Conclusions
Although phenomenal progress in understanding renal cell cancer basics and therapy is observed, the results of RCC treatment are still unsatisfactory and too many patients do not survive. Unfortunately, many patients are presented with advanced RCC, which requires systematic treatment.
In the near future available therapies will be combined with new molecular targeted agents. Significant progress will require advanced analysis of multiple aspects of RCC biology for the identification and optimization of reliable RCC biomarkers. Both insulin and IGFs are thought to affect cancer development and progression, but the exact molecular mechanism behind this phenomenon has not been yet revealed. Moreover, data about insulin impact on cancer development and progression are limited. In a controversial animal model study with STZ, it was shown that insulin may decrease the probability of renal tumor development through the reduction of hyperglycemia. Looking at clinical data, there is no doubt that overweight, obesity, and type 2 DM are connected with the increased risk of RCC occurrence. As all of these pathological conditions are related to disturbances in insulin and probably IGFs signaling systems, it was suggested that they all might influence RCC tumorigenic processes. In a few clinical studies, it was revealed that diabetes is an independent risk and prognostic factor for RCC. Currently, more experiments are being conducted to investigate the role of IGFs. IGF1 is actually known to stimulate the growth of RCC cells in in vitro as well as in vivo conditions; this may be the result of inactivated VHL, characteristic for most RCCs. Inactive VHL is unable to inhibit IGF1R-mediated signaling pathway, which when activated promotes RCC invasiveness and progression through the interaction with RACK1 and subsequent Akt and MMP-2 activation. Akt pathway, sensitive to IGF1 stimulation in RCC cells, is additionally activated during mTOR inhibitors usage. As these inhibitors are one of RCC therapy options, simultaneous IGF1R inhibition can be a new future RCC treatment approach. Although IGF1 was shown to promote cell proliferation in experimental models, IGF1 serum level turned out to be a positive prognostic factor among patients with RCC. On the contrary to clinical data and what is consistent with the experimental model, high IGF1R expression in immunostained RCC samples was associated with poorer cancer-specific survival. Another part of the IGF system, IGFBP was also shown to correlate with an increased aggressiveness of cancer, despite its inhibitory role in the IGF system. Unlike IGF1R, the IR expression was significantly related to a lower Fuhrman nuclear grade, which is associated with a better prognosis for the patient. To date, insulin and IGFs can neither be used as biomarkers for RCC screening nor for controlling RCC patient therapy. However, future clinical trials with IGF1R inhibitors may prove to be beneficial for cancer patients.
